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Abstract: Multipartite entangled states are an essential building block for advanced quantum
networking applications. Realizing such tasks in practice puts stringent requirements on the
characteristics of the states in terms of fidelity and generation rate, along with a desired
compatibility with telecommunication network deployment. Here, we demonstrate a photonic
platform design capable of producing high-fidelity Greenberger-Horne-Zeilinger (GHZ) states,
at telecom wavelength and in a compact and scalable configuration. Our source relies on
spontaneous parametric down-conversion in a layered Sagnac interferometer, which only requires
a single nonlinear crystal. This enables the generation of highly indistinguishable photon pairs,
followed by entanglement fusion to create four-qubit polarization-entangled GHZ states with
fidelity up to (94.73 + 0.21)% with respect to the ideal state, at a rate of 1.7 Hz. We provide a
complete characterization of our source and highlight its suitability for practical quantum network
applications.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In recent years, significant efforts have been made towards establishing quantum information
networks able to interconnect remote quantum systems, giving rise to applications ranging from
information-theoretically secure communication to distributed quantum computing and sensing
[1]. Photonic resources, despite being inherently probabilistic due to the non-interactive nature of
photons, are the workhorse of quantum networks thanks to their robustness to noise and ability to
transfer information over long distances. Among the photonic platforms developed to match the
requirements of quantum information applications, the emission of photon pairs by spontaneous
parametric down-conversion (SPDC) in nonlinear crystals has emerged as the most natural way
to generate entangled photonic qubits, with information often encoded in the polarization degree
of freedom. In particular, sources based on Sagnac interferometers that exhibit a remarkable
intrinsic stability have demonstrated their ability to generate entangled Bell states of excellent
quality [2—8]. This has enabled the implementation of a great variety of entanglement-based
quantum communication and cryptographic protocols, including in the highly demanding setting
of satellite-to-ground links [9—12].

Despite this significant progress, a much richer range of quantum networking functionalities
can be reached when moving beyond two-party communication tasks, which involves the use
of multipartite entangled states, such as, for instance, the Greenberger—Horne—Zeilinger (GHZ)
states. These functionalities include secret sharing, conference key agreement, anonymous
communication, electronic voting, or networks of sensors, among others, where in all cases the
use of the entangled resource provides a provable advantage in terms of data security or privacy
[13—18]. In practice, multiple independent photon pair sources can be ‘fused’ into multipartite
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entangled states. Remarkably, this approach has been used to demonstrate entanglement between
12 photons by combining 6 independent SPDC sources [19]. Nevertheless, from an application
perspective the use of such states has consisted in general in proof-of-principle lab-scale protocol
demonstrations, incompatible with the requirements of large-scale quantum networks. Major
challenges include the extraordinarily high level of indistinguishability required between photons
involved in the entanglement fusion operation, while the size and stability of the optical setup
are crucial for developing sources suitable for deployment outside the laboratory. Additionally,
the achieved fidelity is a critical parameter for reaching operation regimes where a quantum
advantage can be demonstrated in realistic scenarios [20].

In this work, we realize a compact source of high-quality GHZ-states at telecom wavelength,
leveraging an original design based on spatial multiplexing in a Sagnac configuration. In
particular, two sources are vertically stacked inside the same periodically-poled KTP (ppKTP)
crystal and Sagnac interferometer, resulting in a layered Sagnac source [21], able to distribute
two independent photon pairs with a single optical setup. Similar methods have been very
recently applied to generate hyperentanglement [22] and to enhance teleportation [23]. In this
configuration, photons are optimally coupled into single-mode fibers (SMF) due to collinear
emission, contrary to multiplexed sources based on ring distribution of photons emitted in BBO
crystals [24-26]. Independent photon pairs from two different layers are combined into a 4-photon
entangled state via entanglement fusion. The indistinguishability between independent photons
is optimized as they are emitted in the same crystal and follow a similar path, so the resulting
states naturally display a high fidelity with respect to the target GHZ states. As this design can be
used in principle to stack a larger number of photon pair sources, it opens perspectives for the
generation of large GHZ states maintaining high fidelity, in a stable and compact setup, suitable
for deployment in a large-scale quantum network.

2. Experimental setup

Our goal is to generate 4-photon polarization-entangled GHZ states, taking the form |GHZ)s =
(|JHHHH) + ¢°|VVVV))/V2, where 6 is the phase between the two components of the state.
The key concept behind our experimental setup consists in using a single, layered Sagnac
interferometer and a single nonlinear crystal to generate two entangled-photon pairs, with light
coming from a spatially-multiplexed pump laser. This makes the source particularly compact and
allows to generate highly indistinguishable pairs (see A.1 for detailed design considerations),
which are then fused with an entanglement fusion gate before being measured. The setup is
displayed in Fig. 1.

2.1.  Multiplexed pump

We pump the crystal with a 3.4 W-average power mode-locked Titanium-Sapphire Laser. The
central wavelength is approximately 775 nm, and the pulse duration is 2 ps. Laser pulses are
emitted at a 76 MHz frequency. We first shape the spatial mode of the pump laser by placing a
pinhole in the focal plane of two 50 mm-focal length lenses. The lower intensity rings of the
resulting Airy disk are filtered out with a diaphragm, so we are left with a close-to-Gaussian
beam profile. This later facilitates the coupling of photons into SMFs.

We then send the pump beam to a spatial multiplexer, which allows to pump the same Sagnac
interferometer and ppKTP crystal with two parallel beams. The pump is split into two paths
with a polarizing beam-splitter (PBS), and the transmission/reflection (T/R) ratio is tuned with a
half-wave plate (HWP) and a quarter-wave plate (QWP) placed before the PBS. We thus tune the
emission probability of SPDC pairs in each layer, to later compensate for eventual coupling and
loss unbalance. The transmitted (reflected) path after the PBS features a tilted optical window
that deviates the beam a few millimeters down (up), followed by a HWP that guarantees the
total transmission (reflection) of the beam on the succeeding PBS. Finally, the output of the
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Fig. 1. Layered Sagnac GHZ source. Laser pump: A Ti:Sapphire laser (Coherent
Mira-HP) with an average power of 3.4 W emits 2 ps pulses at a wavelength of 775 nm
with a repetition rate of 76 MHz. Pump mode shaping: The spatial mode of the laser is
shaped into a Gaussian profile. Spatial multiplexer: The pump pulses are split into two
parallel beams: the top and bottom layers, horizontally and vertically polarized, respectively.
Polarization shaping: Both layers are diagonally polarized, in order to maximize the
fidelity of output states with respect to the Bell state. Sagnac interferometer: Photon
pairs are probabilistically generated via type-II SPDC in a ppKTP crystal (30mm-long, 46.2
um poling period, stabilized to 25° provided by Raicol) and entangled in polarization in
the Sagnac loop, resulting in the output state (|H)|V); + €¢|V)s|H);)/V2. Coupling and
Filtering: After filtering the single photons with a dichroic mirror, 1100 nm long pass filters
and 1.3 nm ultra-narrowband filters, the bottom layer photons are reflected on half-circle
shaped mirrors, while the top layer photons are transmitted over them. The photons are
coupled to SM fibers with 12 mm focal lens. Fusion station: The mechanical delay on the
bottom layer idler photon is fine tuned such that both idler photons (from the top and bottom
layers) arrive simultaneously to the fiber polarization beam splitter (FPBS). If each of them
is transmitted to different outputs of the FPBS, and conditioned on fourfold coincidences, a
GHZ state (|(HHHH) + ¢'9|VVVV))/V2 is generated. Unitary compensation: Three sets
of QWP-HWP-QWP rotate the final state to the |GHZ)s—( state. Polarization Analyser
and Detection: A set of HWP-QWP-FPBS is used to map each photon’s polarization
to the spatial degree of freedom. The fibers are connected to superconducting nanowire
single-photon detectors (ID281 SNSPD) that, in turn, are linked to a time tagger that allows
to count and correlate detection events for the analysis.

spatial multiplexer is composed of two parallel beams, the top and bottom layers, horizontally
and vertically polarized, respectively, approximately separated by 4 mm, as shown in Fig. 1.

The last stage of the multiplexed-pump shaping is to make sure both beams have the same
polarization, so that we can avoid fine tuning the polarization of each layer individually. To
achieve this, we first set them up, roughly, to the horizontal polarization with a custom HWP
- the top (bottom) half of the plate is oriented at 0° (45°) to the horizontal direction. We then
project both beams on the exact same linear polarization, using a Glan-Taylor polarizer, and with
minimal losses. A HWP at ~ 22.5° finally sets up both layers to an approximately diagonal
polarization. Fine-tuning of this HWP allows us to simultaneously optimize the fidelity of the
states produced in both layers, with respect to the Bell state.
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2.2. Layered Sagnac

The next step to generate a 4-photon GHZ state is the simultaneous emission of two independent
Bell pairs. For that purpose, we send the multiplexed pump to a Sagnac interferometer, featuring
a nonlinear ppKTP crystal, selected to optimize the spectral purity of the photon pairs emitted
at a 1550 nm-wavelength, via type-II SPDC, given a fixed poling period. The pump horizontal
and vertical components are spatially split by a dual-wavelength PBS, traveling through the
Sagnac loop in clockwise or counterclockwise direction, respectively. The vertically-polarized
pump component is down-converted into a signal-idler pair in the polarization state |H)|V);.
The horizontally-polarized clockwise-propagating component is flipped to vertical polarization
by a broadband HWP, before undergoing the same down-conversion. In the counterclockwise
direction, the SPDC photons are flipped into |V);|H); by the same broadband HWP. The photon
pairs are then spatially separated by the dual-wavelength PBS. At the output of the Sagnac
loop, the overlap of the beams makes it impossible to know whether the pair was emitted in the
clockwise or anticlockwise direction, resulting in a superposition of both possibilities. This
corresponds to the Bell state |)g = (|H)s|V); + €?|V)s|H):)/ V2, where 6 is the phase between
the two propagation paths. Additionally, the crystal is 10 mm-large, and can thus receive the
two parallel beams from the multiplexed pump. Provided the pump undergoes minimal spatial
distortions, the resulting Sagnac interferometer then features two layers with the exact same
optical properties, from which we collect two independent and indistinguishable Bell pairs. At
the output of the layered Sagnac source, the pump is filtered out with a dichroic mirror and a
1100 nm long pass filter. Finally, the photons from two different layers are spatially separated by
half-circle shaped mirrors, so photons from the bottom layer are reflected, and those from the top
layer are transmitted.

2.3. Entanglement fusion

The final step to generate the multipartite state is the fusion of two entangled pairs from different
layers of the Sagnac source. We take the idler photon from each Bell pair, coupled to SMFs,
and make them interfere on a fiber-PBS (FPBS). We use a motorized delay stage to fine tune
the temporal overlap of the interfering photons (see Fig. 7 in the Appendix). We post-select on
the events where each photon exits at a different port of the FPBS. Consequently, if they are
indistinguishable, it is impossible to distinguish if both photons were transmitted or reflected,
i.e., if both photons are horizontally or vertically polarized. In other words, conditioned on
fourfold coincidences, the 4-photon state is projected onto a superposition of both situations,
which takes the form |GHZ)s = (|HHHH) + ¢/*|VVVV))/V2 up to local unitaries carried out by
the single-mode fibers, where ¢ is defined by the 6 of each Bell pair. In order to increase the
fidelity with respect to this target state, we employ 1.3 nm ultra-narrowband filters on the path of
all four photons, which increases the spectral purity of the Bell pairs (see section A.3.2).

2.4. Measurement

Finally, a set of HWP-QWP-FPBS is used to map the photon’s polarization to the spatial degree
of freedom - each output fiber of the FPBS will only transmit the photons that collapsed to a
specific polarization eigenstate, one to |H) and the other to |V). The fibers are connected to
superconducting nanowire single-photon detectors (SNSPD), whose counts are recorded by a
time tagger for the analysis of the detection events. For the data acquisition, the detectors were
operated in free-running mode, i.e., without a pump reference. By restricting the coincidence
window to 200 ps, while carefully configuring the time delays between the different detection
channels, we effectively mitigate noise while capturing the fourfold event instances within the
time jitter of the detectors (see section A.4).

We also remark that in many quantum information applications it is essential to ensure a
specific form for the states being produced. More specifically, regarding the GHZ states generated
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with our source, we need to address the transformations induced by the single-mode fibers
and apply the corresponding inverse transformations to recover a true GHZ state, expressed as
Ugber(lGHZ)(;(GHZ |6)Usiver = |GHZ)o{GHZ|j), where Ugpe, is a tensor product of local unitaries.
This is realized with three sets of QWP-HWP-QWP, one in each path of the four entangled
photons (see section A.6). To find the configuration of these waveplates, we measure the density
matrix of the state produced with our source via quantum state tomography (QST) (see section
A.2 for details), and run an optimization method to find the three-qubit unitary that rotates the
state to its desired form.

3. Results

By pumping the crystal with 62 mW and 57 mW, in the top and bottom layers, respectively,
we generate an average of 1.7 fourfold coincidences per second. We characterize our source
by quantum state tomography, using 97 measurement bases - 81 possible combinations of the
X, Y and Z basis for each photon plus 16 possible combinations of Z and -Z to estimate the
relative efficiencies of different outcomes. We use the linear regression estimation method for
fast quantum state reconstruction (see details in section A.2). The resulting estimated state pg is
displayed in Fig. 2, and we measure a fidelity .% = |(GHZ|pE.,xp|GHZ)|2 = (94.73 £ 0.21)% with
respect to the ideal GHZ state.

Real part Imaginary part
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Fig. 2. Experimental density matrix of the state produced with our source, estimated via
quantum state tomography. The pump power was set to 63 mW (57 mW) in the top (bottom)
layer, yielding a rate of 1.7 + 0.2 GHZ states per second for an acquisition time of 600 s per
basis. The fidelity to the GHZ state is . % = (94.73 £ 0.21)%.

Furthermore, we analysed the state fidelity obtained with our layered-Sagnac source as a
function of the generation rate, determined by the pump power. Besides the four-fold events,
we additionally recorded the five-fold events and reconstructed the density matrix of each state,
either by simply considering the four-fold events or by subtracting the five-fold from the desired
four-fold, i.e., by correcting for the events that had two emitted pairs in the same layer, which we
refer to as high-order emission. Even higher-order detection events were considered negligible.

The maximum rate we can achieve at maximum pump power is around 152 Hz for a fidelity
of (89.71 + 0.19)%, or (92.14 + 0.17)% with the high-order emission correction. It is clear
that as we increase the GHZ state generation rate, the difference between the estimated fidelity
with the corrected and non-corrected data becomes more significant. The reason for this is the
fact that the ratio between high-order emissions and the desired single-pair per layer events is

3
~ ‘Z—z = p, where p is the probability associated with one SPDC process. This means that, as the

rate oc p? increases, the high-order emission events become more predominant and, therefore,
their correction has a bigger impact on the estimated fidelity. However, since we can only subtract
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the five-fold events that were detected and some of the high-order emission events will not be
recorded as such, due to losses and inefficiencies in the setup, we can never fully compensate for
this effect, thus still observing a decreasing fidelity for an increasing rate. Finally, we believe that
the fidelity observed at very low power is mostly limited by the extinction ratio of the FPBS and
some residual spectral correlations.

4. Conclusions and perspectives

In this work, we have successfully demonstrated an original design of a four-qubit GHZ state
source that combines several attractive features. Based on a layered Sagnac configuration and
exploiting spatial multiplexing, our source is exceptionally compact and stable since a single
optical setup is used for generating the two photon pairs necessary to produce the multipartite
entangled state. This setup ensures that, beyond filtering the spectral correlations between
individual SPDC pairs, the photons’ indistinguishability is guaranteed, hence leading to high-
fidelity GHZ states by design. Additionally, considering the collinear emission of photon pairs,
we can conclude that this design is optimized such that we can obtain the best fidelity to rate
compromise, making it suitable for implementing quantum communication protocols, within
reasonable time frames, while having access to high-fidelity states. Furthermore, our source
operates at telecom wavelength, ensuring compatibility with deployment in standard network
infrastructures.

To assess the performance of our source with respect to previous demonstrations, we summarize
a few notable, state-of-the-art 4-photon GHZ state results in Table 1. At telecom wavelengths,
the fidelity-rate results reported by J. W. Webb et al. [27] and D. Wu et al. [28] are comparable
to our findings. More specifically, based on the fit shown in Fig. 3, we estimate that our source
would yield a fidelity with respect to the GHZ state of . % = 94.0% and .% = 94.5% at the
respective rates reported in these references. Furthermore, it is worth noting that in the work
done by J. W. Webb et al., an aperiodically-poled KTP crystal is used, which supports the idea of

0.96

—— Fit (no correction)

—— Fit to data corrected with high-order emissions
0.95 < Data (no correction)

-+ Data corrected with high-order emissions

4

0 20 40 60 80 100 120 140 160
Rate (Hz)

Fig. 3. Experimental state fidelity with respect to the GHZ state, .7 (pexp, PGHZ)- as a
function of the four-fold coincidences rate, for density matrices directly estimated with all
the four-fold events detected (purple) and with the counts corrected to exclude the high-order
emission events (blue). We observe that the two curves meet at a zero rate as expected within
the error bars. The lack of perfect convergence is due to the residual imperfections in the
higher-order emission correction.
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incorporating a similar crystal in a layered Sagnac setup as a way to boost its performance, as we
also discuss below. Additionally, while the sources reported by C. Zhang et al. [29] and X.-L.
Wan et al. [30] operate at wavelengths not suited for current telecommunication infrastructures,
they still stand out for their high fidelity and rate, respectively, providing good platforms for
proof-of-principle experiments. Considering the aforementioned, it is clear that our source is
on par with the state-of-the-art photonic four-partite entanglement devices while also offering
the advantages discussed previously. Furthermore, regarding the work done by D. Wu et al.
and J. W. Webb ez. al, we stress that the estimation of the fidelity is based on an entanglement
witness measurement rather than full quantum state tomography. As the method used in D. Wu
et al. did not rely on the same measurement bases employed in this work, we do not provide
further comparison beyond Table 1. However, with the extensive data collected for the analysis
in Fig. 3, we were able to select the measurement basis relevant for computing the witness used
to characterize the quality of the produced states in J. W. Webb et al., at a comparable rate (16
Hz) for a more direct comparison. This procedure yields a fidelity of 93.8% to the target state, in
agreement with our QST results.

Table 1. State-of-the-art for 4-photon GHZ state sources. For each
reference, we list the maximum fidelity to the target state, the
corresponding estimation method - quantum state tomography
(QST) or entanglement witness (EW) - as well as the detection rate
and wavelength. The reported rate for D. Wu et al. [28] was inferred
from the data reported in their publication.

Ref. Fmax [%o] Rate [Hz] A [nm]
This work 94.7+0.2 (QST) 1.7 1550
J. W. Webb et al. [27] 93.3+0.4 (EW) 18 1550
D. Wu et al. [28] 95.7+0.2 (EW) 0.4 1550
C. Zhang et al. [29] 97.9+0.4 (EW) 0.4 780
X.-L. Wan et al. [30] 83.3+0.4 (QST) 6000 788

A limitation of our present setup comes from the high-order photon pair emission, which is
intrinsic to all SPDC-based sources. One way to mitigate this is by reducing the pump power,
although this naturally comes at the expense of decreasing the state generation rate. The spectral
purity is another aspect still contributing to the noise, manifested in the interference visibility of
90.6% shown in section A.5. Although this quantity is limited to approximately 95%, given the
time jitter of the interfering photons compared to their coherence length [31], one could improve
the visibility by further filtering the photon pairs. However, as it can be seen in Fig. 6 there is
a slight overlap between the central mode we want to preserve and the side modes we want to
filter out. This develops, once more, into a fidelity vs rate trade-off. Alternatively, a promising
path as mentioned above is to use an aperiodically-poled KTP crystal [32], designed to generate
intrinsically spectrally-pure photon pairs. This would remove losses caused by the ultra-narrow
filter altogether while enabling the generation of high-quality, more complex entangled states by
directly entangling degenerate signal-idler photons [33]. Although the temperature of the crystal
in our setup could be adjusted to achieve degeneracy between photon pairs, spectral filtering
would still be required to ensure sufficient purity. This was not a focus of this work. Instead, we
consistently designed our setup to match idler-idler photons, as this approach is generally safer to
avoid even small spectral mismatches. Finally, the limited extinction ratios of the FPBS ranging
from 25 dB to 33 dB in our setup could be improved.

In terms of scalability, we remark that it is in principle possible to scale the setup to larger
states without building extra Sagnac interferometers, as long as larger crystals can be produced
to fit several parallel beams in. Notably, various methods have been used to spatially multiplex
sources of photon pairs generated in both BBO [26,34,35] and ppKTP [22,23] crystals, achieving
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varying degrees of scalability. The focus of our implementation differs from these approaches, as
it was specifically designed to ensure equal conditions for both layers, thereby facilitating the
generation of high-quality GHZ states (see A.1 for details). Nonetheless, advances in spatial pump
shaping - enabling more efficient multiplexing - for instance through the use of a two-dimensional
metalens-array, as demonstrated by L. Li ef al. [34], could present a promising alternative for
future advancements of our source in this context, provided that it achieves a sufficient degree
of parallelism. Independently of the specific spatial multiplexing implementation, the rate of
course will still be limited by the probabilistic nature of SPDC emissions. Additionally, as we
increase the number of simultaneous SPDC pairs, the alignment, and in particular the coupling,
will eventually become challenging. Still, even stacking a few sources can save up considerable
resources, which can be an important asset in the emerging large-scale quantum communication
networks.

In summary, our results illustrate the feasibility of an original telecom GHZ state source design,
which combines compactness and stability with the capability to produce high-fidelity states
at reasonable rates, paving the way to the demonstration of compelling multipartite quantum
information tasks in real-world network settings, outside research laboratories.

A. Experimental details

A.1. Design considerations for a layered Sagnac source

In this section, we elaborate on the key design considerations that enabled the implementation of
a layered Sagnac source, leading to the results shown in the main text.

The first consideration involves the weak focusing of the pump beam onto the crystal.
Specifically, for our setup, we selected a pump beam waist of w, ~ 315 um and a Rayleigh length
of zgp # 400 mm. These parameters avoid the spatial overlap of the SPDC photons from each
layer, thereby maximizing photon coupling without the need for spatial filtering. Additionally,
we spaced the two layers by 4 mm, which is the maximum separation achievable given the optical
windows (calcite crystals) in the spatial multiplexer. This distance ensures that we can perfectly
couple the photons from each layer independently, while still remaining within the range of the
crystal’s 10 mm aperture.

From an indistinguishability perspective, since the setup was designed to produce two identical
photon pairs, it was essential to guarantee equal conditions for both layers. This concept was
realized, in part, by ensuring that the optical paths of both layers are of equal length, thereby
guaranteeing identical focal conditions, as any mismatch could lead to divergence of the spatial
mode of the photons before coupling, thereby compromising efficiency. Furthermore, achieving
optimal indistinguishability between the two propagation directions within the same layer in the
Sagnac loop benefits from positioning the pump beam’s focal point at the center of the loop, a
condition that applies to both layers. This guideline influenced two key design choices. First,
we adopted a Mach-Zehnder-like configuration for the spatial multiplexer, instead of using a
single beam displacer. While it is technically possible to achieve equal path lengths for both
layers with two beam displacers (see Fig. 4) the chosen configuration offers the added advantage
of full control over the parallelism of the layers, enabling optimal alignment. Second, we
decided to arrange the layers vertically stacked rather than horizontally distributed. This vertical
alignment ensures that the paths of both layers inside the Sagnac loop are of equal length, further
guaranteeing that the layers remain identical and do not overlap.

A.2. Quantum state tomography and errors

We conduct quantum state tomography using linear regression estimation [36] and fast maximum
likelihood estimation [37]. Additionally, we correct the photon counts with the relative efficiencies
of each photon’s path (from the coupling to the detectors), relying on the {Z, —Z} measurement
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Fig. 4. Alternative implementation of the spatial multiplexer, involving birefringent
beam-displacers.

results of each qubit. This approach allows us to reconstruct the density matrix description
of the measured state and determine its fidelity with respect to the target state. To assess the
uncertainties associated with the reconstructed states, we employ the Monte Carlo method by
sampling from Poissonian photon counting statistics and Gaussian QWP-HWP rotation angle
distributions (which incorporates the systematic measurement basis error). For each density
matrix estimation, we simulate 500 new data samples incorporating the respective uncertainty
distributions, reconstructing new density matrices to compute the average fidelity and standard
deviation. Furthermore, the fidelity may be affected by slow thermal fluctuations due to the
extended duration of the measurements, particularly for the state estimations at low rates.

A.3. Photon pairs characterization
A.3.1. Bell State Fidelity

The four-partite entanglement results shown in section 3 were obtained based on the fusion
of two Bell pairs, each produced in a different spatial layer of the setup. While pumping the
crystal with 2 ps pulses and with and average power of 500 mW for each layer, we measured
a quantum state fidelity of (98.20 + 0.01)% and (97.56 + 0.01)%, respectively, with respect to
the maximally entangled state ¢ = (JHH) + |VV))/V2. The detection rate was approximately
250 kHz per pair, with an average heralding efficiency of about —5.1 dB, inferred from the ratio
between measured Bell pairs and single counts. These measurements were conducted in the
absence of the ultra-narrowband filters. The results were estimated after applying the double
emission correction.

A.3.2. Joint spectral intensity

In our setup, photon pairs are generated in a ppKTP crystal under the conservation of energy and
the quasi-phase matching conditions. These conditions govern the strength of the interaction
between the electromagnetic field of the pump and the crystal. This interaction results in the
production of photon pairs that are not spectrally pure. In other words, if we measure the
frequency of one, we can get information about the frequency of the other. This becomes a
problem once we interfere two photons from different pairs. Intuitively, if we consider the
entanglement fusion used to generate the GHZ state (see Fig. 1), this could possibly mean that by
measuring the photons’ frequencies after the FPBS, one could distinguish the different pairs,
which implies that the visibility of the interference is compromised. For this reason, if we want to
maximize the state fidelity with respect to the GHZ state, we need to filter the photon pairs, such
that they are no longer correlated in spectrum. In order to determine the appropriate bandwidth
and the central wavelength for such filtering, it is necessary to measure the joint spectral intensity
(JSI) of the SPDC pairs.

We experimentally measured the spectrum of the photon pairs produced in our source, relying
on a stimulated emission method [38]. More specifically, we use difference frequency generation
(DFG), which can be seen as the classical analog of SPDC (see Fig. 5(a)), to boost the emission
of pairs, such that they can be measured by a low noise optical spectrum analyzer (OSA). This is
only possible since SPDC and DFG share the same phase matching condition and therefore, if
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we use the same pump spectrum, we will measure the same spectral correlation function [39].
The advantage of this method is that it generally allows for high resolution measurements, since
it is only limited by the frequency steps of the laser and the resolution of the OSA.
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Fig. 5. a) Schematic for (top) SPDC - a pump photon with frequency w), is converted into
two photons of lower energy: w; and w; = wp — wy, respectively; (bottom) DFG - once
the pump w), exits the crystal, the seed, ws, stimulates the emission of two photons: one
of the same frequency w; and another with the remaining energy, w; = wp — ws. b) Joint
Spectral Intensity measurement setup. The pump - previously described - and seed - CW at
telecom band (tunable) with 20 pm linewidth - lasers are sent to the Sagnac loop polarized
vertically. The interaction of the two electromagnetic fields with the ppKTP crystal results
in difference frequency generation, whose outcome is composed of two frequencies: the
frequency of the seed (vertically polarized), ws, and the difference between the pump and
the seed frequencies, w; = wp — ws, horizontally polarized. The HWP rotated to 45 degrees,
together with the PBS, filter out the seed from the idler, reflecting the latter to be later
collected by the optical spectrum analyser (EXFO OSA20).

The setup used to measure the JSI is illustrated in Fig. 5(b) and the results are shown in Fig. 6(a)
and (b) for both the top and bottom layers with no filters. Apart from the central Gaussian
mode, we can observe some side bands that reveal the aforementioned correlations between the
spectrum of the signal and of the idler. It is also clear that, unsurprisingly, both layers unveil the
same spectrum, with a 1.3 nm wide Gaussian mode centered between [1549, 1550] nm. For this
reason, we decided to use filters with that same bandwidth (1.3 nm), such that we remove most of
the side mode contributions while not compromising the rate too much. The resulting filtered
spectrum can be observed in Fig. 6(c), depicting a clear gain in spectral purity, compared to the
unfiltered case.

A.4. Loss budget

Characterizing the losses and noise in a setup is essential to identify clear pathways for improving
the source. To provide a comprehensive overview, we present Table 2, providing the order of
magnitude of the losses associated with various components of the setup. These loss values
are derived from a combination of experimental measurements and manufacturer specifications.
We note that, for the spectral filters, the reported losses correspond to the transmission band
losses provided by the supplier. The overall efficiency - measured by comparing the coincidence
counts with and without filters, therefore taking into account the intentional filtering of the
frequency sidebands (see section A.3.2) - amounts to -1.9 dB. Additionally, the measurement
station loss estimation accounts for all free-space losses induced by the pair of waveplates and by
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Fig. 6. Experimental results for the joint spectral intensity measurement for unfiltered top
(left), unfiltered bottom (middle) and filtered top layers (right). The heat map represents
the power intensity for different combinations of signal and idler wavelengths (x and y axis,
respectively). The grey region corresponds to the seed spectrum that was leaked due to the
limited extinction ratio of the PBS. The data was collected by sweeping the wavelength of
the seed laser, in steps of 20 pm, and analysing the respective idler spectrum, averaged over

20 scans with a resolution of 20 pm.

the re-coupling into the fiber—PBS on each arm. For completeness, we also report the typical
dead time, the dark counts and the time jitter associated with our detectors: 75 ns, 60 Hz, and 40
ps, respectively.

Table 2. List of the most relevant
sources of inefficiency in the GHZ state
source, illustrated in Fig. 1, and
estimation of the respective contributions.
The reported values correspond to the
average loss per arm.

Elements Losses (dB)
Spectral Filtering -0.2
Fusion Station Fiber-PBS -0.6
Measurement Station -1.2
Fiber Connectors -1.3
Photon Detectors -0.6

In addition to the losses listed in Table 2, a significant source of inefficiency in the setup arises
from coupling photon pairs into the optical fibers. The coupling efficiency - which quantifies the
losses between the crystal and the optical fiber - can be estimated using the heralding efficiency
of the photon pairs, Nperaging ~ —5-1 dB (see section A.3.1) and the loss budget described above.
As the setup used to characterize the Bell pairs did not include all the elements listed in Table 2,
we select only the relevant contributions - namely the measurement stations, fiber connectors and
photon detectors - when estimating the losses, apart from coupling inefficiencies. Furthermore,
in this configuration, the loss attributed to the fiber connectors is more accurately estimated
at —1 dB, as fewer connectors are used compared to the GHZ-state setup. Subtracting these
contributions yields a crystal-to-fiber coupling efficiency of approximately 77¢qypiing ~ —2.3 dB.
This represents the largest single source of loss in the system and also accounts for free-space
inefficiencies, such as those introduced by the broadband PBS in the Sagnac interferometer.

A.5. Hong-Ou-Mandel measurement

Guaranteeing that the idler photons temporally overlap in the fusion station’s FPBS is a
key challenge that highly influences the fidelity of our states. A Hong-Ou-Mandel (HOM)
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measurement can be used to determine how much the coupling of the top idler photon (see Fig. 1)
needs to be delayed at the same time as estimating the visibility of the interference. Figure 7
depicts the experimental results, from which we derive a visibility of 90.62%.
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Fig. 7. Hong-Ou-Mandel dip. The solid purple line is the Gaussian fit to the experimental
data (blue points), from which we could infer a visibility of V = (90.62 + 0.79)% and a
coherence time of 7 = (2V2In2)o = (6.03 + 0.07) ps.

A.6. Unitary compensation

As mentioned before, when quantum states are encoded in the polarisation degree of freedom of
propagating photons, they suffer from local rotations as they propagate in single-mode fibers
due to their birefringence. This means that, in our setup, if we want to have a GHZ, specifically
in the form |GHZ) = (|HHHH) + |VVVV))/V2, as required by many quantum communication
protocols, we need to compensate for these SM fiber rotations.

Considering that any local unitary can be seen as a universal unitary in the SU(2) group, i.e.,
that it can be written as a function of three independent parameters on the hypersphere $°, it was
shown in Ref. [40] that it is possible to implement any optical local unitary with a set of two
QWPs and one HWP, expressed as:

U(xo, x1,x2) = QWP (xo) HWP(x1)QWP (x2) , ey

where QWP(x) (HWP(x)) refers to the Jones matrix representation of a quarter-wave plate
(half-wave plate) with an angle x between its slow axis and the horizontal direction.

Additionally, if we have a GHZ state up to local unitary transformations, it means that, apart
from a relative phase, we require as many unitary transformations as the number of qubits that
need to flip, in order to arrive at its desired form. If we also consider that a state resulting from
three qubit flips on a GHZ state is always equivalent to some other state with a single qubit flip,
we conclude that we require a maximum of two local unitary transformations to arrive at the
true GHZ state. However, since there are many combinations of two out of four qubit flips that
can occur, depending on the unitary Ugper, We guarantee that we can compensate for all possible
rotations by using three sets of QWP-HWP-QWP, as illustrated in Fig. 1.

By employing an optimization method we can determine which unitary transformation,
Ugber - P+ Ugiper - of the form Ugper = 1 ® Uy ® U, ® Us - we need to apply, in order to maximize
the fidelity of the density matrix, p - estimated with QST - with respect to the GHZ state, pgpz.
We can then decompose Ugpe, into sets of angles, according to Eq. (1), for the purpose of adjusting
the configuration of the waveplates assigned for the unitary compensation.
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A.7. Stability

We analyzed the stability of our setup to evaluate the effect of daily thermal drifts, which
could induce rotations of the quantum state. To this end, we performed repeated quantum state
tomography measurements over 25 consecutive data points, without introducing any changes
between runs. The results are illustrated in Fig. 8.
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Fig. 8. Time evolution of the experimental state fidelity with respect to the GHZ state,
F (Pexp» PGHz)- The successive data sets were collected without any interruption. The
different colors illustrate the measured state generation rate, which naturally drifted over
time. The acquisition time was set to 33 seconds per measurement basis and no high-order
emission correction was employed in this analysis. We note that this data acquisition was
carried out under alignment conditions slightly different from those used in the rest of this
work.

We observe that the setup remained stable for approximately 17 hours. The data point starting
at 18 hours and 43 minutes is omitted from the plot, as during its acquisition the laser lost
its mode-locked state for about 15 minutes, therefore compromising the data set. After this
interruption, the laser re-locked to a higher pump power, as evidenced in the heatmap, which
potentially contributed to the observed decrease in fidelity. While the pump laser appears to
be the dominant source of instability in this setup, the overall stability observed highlights
the robustness of the setup for relatively long-term measurements, provided that the pump is
appropriately monitored.
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